An Angular Spectrum Approach (ASA) is formulated and employed to simulate linear pulsed ultra sound fields for high bandwidth signals. A geometrically focused piston transducer is used as the acoustic source. Signals are cross-correlated to find the true sound speed during the measurement to make the simulated and measured pulses in phase for comparisons. The calculated sound speed in the measurement is varied between 1487.45 m/s and 1487.75 m/s by using different initial values in the ASA simulation. Results from the pulsed ASA simulation s using both Field II simulated and hydrophone measured acoustic sources are compared to the Field II simulated and hydroph one measure d pulses, respectively. The total relative root mean squar e (RMS) errors of the pulsed ASA are investigated by using different time-point, zero-padding factors, spatial sampling interval and temporal sampling frequency in the simulation. Optim al parameters for the ASA are found in the simulation . The RMS error of the ASA simulation is reduced from 10.9% to 2.4% for the optimal parameters when comparing to Field II simulation s. The comparison between the ASA calculated and measured pulses are illustrated and the corresponding RMS error is 25.4%.
Introduction
Monochrom atic acoustic fields can be simulated using the Angular Spectrum Approach (ASA) [1] [2] [3] . Here the acoustic pressure is decomposed into a summation of an infinite numbers of plane waves in k-space. An arbitrary shaped two-dimensional plane in space is assumed as the acoustic source. After propagation , the pressure at any plane parallel to the source plane can be expressed as the multiplication between the source pressure and a propagating distance depende nt propagator in the spatial Fourier domain. Mathematically , it originate s from Fourier optics [4, 5] . However, it has been widely used in ultrasoun d simulatio ns due to its rapid computation time [6, 7] . Simulations of spherically focused ultrasound phased arrays using the ASA have been shown by Zeng and McGough [8] . Wu and Stepinski [9] have applied the ASA to concave ultrasound transduc ers. Moreover, the ASA has been applied to simulate non-linear ultrasound propagation . This was firstly introduced by Alais and Hennion [10] . Landsberger and Hamilton [11] have studied the second harmonic generation of sound beams in immersed elastic solids. An applicati on of angular spectrum decompositi on of the second harmonic ultrasoun d to tissue harmonic imaging was given by Xiang and Hamilton [12] . A validation of the ASA for simulating fundamenta l and second harmonic fields with measure d results have been published in the previous work [13] . These studies of linear and non-linea r pressure fields simulatio n using the ASA are usually restricted to monochromatic fields.
For realistic prediction of ultrasoun d imaging, pulsed ultrasound fields should be simulated. Several studies have been made for the transient pressure field. Leeman and Healey [14, 15] have proposed a technique based on the ASA for simulatin g transient fields, but the measureme nt was restricted by the quality of the hydrophone in [14] and no measure d result was shown for the validation in [15] . Wu et al. [16] presented their results compared to a measure ment in water and the ASA employed the pulsed normal velocity as its source, which was calculated numerica lly. Some studies [17, 18] focused on non-linea r ultrasoun d also formulat ed the ASA for simulating the linear pulsed pressure field.
In this paper results calculated by the ASA using both the simulated and measure d sources are presented. This makes the comparison for a pulse at a specific position possible. For the simulated ASA source, two acoustic planes with a certain distance parallel to the transducer surface are simulated by the Field II program [19, 20] . One of the planes is assumed as the simulated virtual source plane of the ASA. The pressure on the second plane is calculated by the pulsed ASA based on the simulated source and distance between two planes. Finally, the pulses obtained from the ASA on the second plane are compare d to the results obtained from Field II. For the measured ASA source, two acoustic planes are measured by a robust hydrophone in water. The first measured plane is used as the source for the ASA calculation. The results obtained at the second plane by the ASA are compare d to the measureme nts. For the ASA with measured source, an approach to finding the ambient acoustic propagation speed in the measure ment is presented.
Theory
In this section, the equation s for the pulsed ASA are presente d. The angular spectrum of the acoustic pressure is introduced. The angular spectrum solutions are given both for monochrom atic and pulsed fields. The implemented equations are presente d in discrete form at the end of this section.
Calculation of monochroma tic ultrasound fields
For a monochromati c ultrasound field, the two-dimensi onal spatial Fourier transform of a pressure field at a given plane is called the angular spectrum, denoted by b Pðk x ; k y ; zÞ, where k x and k y are transverse wave numbers along x and y directions in the spatial frequenc y domain, and z represents the position of the given plane in the z direction. The relation between the two angular spectra b P 0 and b P 1 at different planes, can be expressed by [4, 5] b
where
In (1), b P 0 ðk x ; k y ; z 0 Þ is usually considered as the acoustic source to predict b P 1 ðk x ; k y ; z 1 Þ, which is the angular spectrum at the z 1 plane. This is the conven tional ASA used to simulate the propaga tion of monoch romatic acousti c fields, and it is assumed that the temporal frequency f is a constant and not a function of b P in the equation.
Calculation of pulsed ultrasound fields
For a high bandwid th signal, the angular spectrum corresponding to each temporal frequency in the temporal Fourier domain, is written as 
where p(x,y,z,t) is the space and time-depend ent acoustic pressure in the pulsed ultrasoun d fields. Hereby (1) can be rewritte n as
where H f p ðk x ; k y ; f Þ is different from the monochro matic angula r spectrum propaga tor H p (k x ,k y ) in (2), since the temporal frequen cy f is a variable in the pulsed ultrasound fields. To satisfy that the acoustic wave propaga tes along +z direction for both positive and negative frequency f ; H f p ðk x ; k y ; f Þ has to be calculate d by
where sgn(f) denotes the sign of the freque ncy f (1 for positive f and À1 for negative f). Finally, the exact equation of the pulsed angular spectrum approac h is given by
where F 3D fg and F
À1
3D fg represent three-dimen sional (2D for x-y plane and 1D for time) forward and inverse Fourier transform s. The acoustic source, p 0 (x,y,z 0 ,t) can either be simulated by Field II or measured in water by a hydrop hone.
Implemen tation equations
For implementation reasons, the discrete forms of (6) and (7), based on the three-dimensio nal forward and inverse discrete Fourier transforms are used as 
where p d 0 ði x ; i y ; i t Þ and p d 1 ði x ; i y ; i t Þ are the discrete forms of p 0 (x,y,z 0 ,t) and p 1 (x,y,z 1 ,t) in (7) . N x , N y and N t are the numbers of spatial and temporal discrete points. f s is the temporal samplin g frequency and d xy is the spatial interval. By implem enting (8)- (10), p d 1 ði x ; i y ; i t Þ at z = z 1 is obtained by the ASA based on the p d 0 ði x ; i y ; i t Þ, which is at z = z 0 and calculate d by Field II or measured in water.
Simulation and Measurement setup
In ASA simulatio ns, a known acoustic plane is required as the virtual source of the ASA. In this paper, both simulated and measured sources are used to make the ASA simulations, which are compare d to the results in the simulated plane, obtained by Field II and measure ments, respectively. This section shows the setups of the transducer, Field II, and experime ntal instruments, and paramete rs used in the impleme ntation of the ASA.
Transducer
A spherical ly focused ultrasonic piston transducer (Type: M309, from Panamet rics Inc., USA) is used in the measure ment and configured by Field II in the ASA for the simulated source. The transducer has a center frequency of 5 MHz, and its diameter is 0.5 inch correspondi ng to 12.7 mm. The excitation for the transducer is a 2-cycle sine wave. The geometrical focus lies 62 mm away from the transduc er surface.
Simulation setup and parameter study
The simulated ASA source is calculated by the Field II program. The function ''xdc_concave'' is used to generate the emitted aperture for the transducer mentioned in the previous section. The propagat ing medium is water, and attenuation is not taken into consideration. The speed of sound in water is 1480 m/s at normal temperat ure and ambient pressure. An acoustic plane, which is 12 mm from the transduc er surface, is selected as the ASA source plane. On this plane, p 0 (x,y,z 0 ,t) in (7) is calculated by Field II, where z 0 = 12 mm. To implement (8)- (10), several initial values are required. The length of the signals N x , N y and N t in the spatial and time domains, which are related to the actual signals' length plus the zero-padding, and the temporal sampling frequenc y f s and spatial sampling interval d xy denoted in (10) should be initialized at first. A parameter study will be made in the simulation by choosing different initial values to search for an optimized ASA, which should give a relatively better accuracy with less computational complexi ty.
There are two constrains for the parameter selection . First, the source plane should contain all of the acoustic energy, so that it can be used as the virtual transmitti ng source to calculate the pressure in another parallel planes by the ASA. Secondly, the spatial and temporal sampling frequencies should be greater than twice the upper bandlimits of the signals in the spatial and temporal domains in accordance with Nyquist's sampling theory [21] .
For the first constrain , the source planes with different sizes are simulated using Field II. Fig. 1 shows that 99.4% of the acoustic energy is inside the smallest square, if it is assumed that the largest square contains all of the energy. The acoustic energy is proportional to the root square (RS) values, which can be expresse d as
where p d (i x ,i y ,i t ) is the discrete acoust ic pressure at the source plane and is calcul ated by Field II. The spatial sampling interval equals half a waveleng th (k = c/f 0 = 1480/(5 Â 10 6 ) = 0.296 mm), and the temporal sampling frequen cy is 100 MHz. Therefore, for exampl e, N x are 128 and 512 for the smallest and largest squares corresp onding to their sizes, respective ly. The larger the square used as the source plane is, the more of the energy will be used. This will make the simulati on more accurate, but also increase calculatio n time. The smalles t square in Fig. 1 is used in the ASA simulati ons presented in the paper. For the second constrain, the temporal sampling frequency is chosen according to the bandwidth of the transducer. Fig. 2 presents the frequenc y spectrum of the emitted pulse in the range from 0 to 50 MHz. The value of the spectrum is approximat ely below À60 dB after 20 MHz. This reveals the upper bandlimi t of the transducer is around 20 MHz. Thus, the temporal sampling frequency f s is set to 40 MHz, 60 MHz, 80 MHz and 100 MHz to study the accuracy of Zero-padd ing is used to smooth the frequency spectrum in the temporal frequency domain and overcome the circular convolut ion effect in the spatial frequency domain. Zero-paddin g factors are 2 (meaning that the Fourier transform has twice the length of the input data), 4, 6 and 8 in the spatial domain. The number of sampling points (time-point) are 256, 512, 768, and 1024 for a pulse along time at a specific spatial position, where the signal at different locations approximat ely contains 110-150 non-zero discrete values when f s = 100 MHz.
Measurem ent setup
The experime ntal setup is shown in Fig. 3 . The measure ment is performed in water by an XYZ-Onda system -AIMS III (Acoustic Intensity Measurement System). The transduc er is fixed, and a robust Onda hydrophone is displaced by the XYZ-Onda system to measure the pulse for all the points on the acoustic plane. The XYZ-Onda system is controlle d through a computer programSoniq 5.0. An Agilent waveform generato r provides the driving signal for the transducer and a trigger pulse for an Agilent oscilloscope. The output voltage of the waveform generator for the transducer is 10 volts. When the transducer starts emission s, the oscilloscope will record the signals synchron ously. The data obtained by the hydrophone after amplification will be recorded by the oscilloscope , which is controlled by computer programs as well. The data are stored in the computer memory for post-processing. Two planes at 32 mm and at 62 mm from the transducer surface are measured by the hydrophone .
Results

ASA compared to Field II
A comparison of pulses simulated by pulsed ASA and Field II at the focal point is shown in Fig. 4 . To further validate it, three random points (À1.4, 1.1), (À4.4, 3) and (À7.5, À7) mm at the focal plane are selected, and the comparis ons are shown in Fig. 5a . Fig. 5b denotes the positions of these three points at the focal plane where z = 62 mm from the transducer surface. The circle shows the size of the transducer. The results for the ASA shown in Figs. 4 and 5 are calculated using 1024 time-point, 100 MHz temporal sampling frequency and half waveleng th (k/2) spatial interval with a zero-paddin g factor of 8.
To further investigate the accuracy and computational complexity of the ASA simulation, the root mean square (RMS) errors between the results obtained by the ASA and Field II as
are calculate d with differen t paramete rs setting as described in Section 3.2. The RMS errors are shown in Fig. 6 , which displays the results at differe nt temporal and spatial sampli ng frequencies, and different time-point and zero-pad ding. After observing the trend of the RMS errors, it can be conclu ded:
1. The optimal (spatial) zero-paddin g factor is 4 from the observation of Fig. 6 as the error is not reduced much at all different settings, if the zero-padding factor is larger than 4.
2. The optimal temporal sampling frequenc y is 80 MHz according to Fig. 7 , which shows the error trend as the increase of the sampling frequency with the optimal fixed zero-paddin g factor of 4. 3. Figs. 6-8 reveal that the different time-point gives trivial differences except for using 256 time-point. The blue circle solid curves in each figure are different from others -green angle solid, black dash and red solid lines. 4. The RMS error is increased as the spatial sampling interval is enlarged from k/2 to 2k. However , the difference between using k/2 and k is relatively small as shown in Fig. 8 .
The maximum RMS error is 10.9%, while the zero-paddin g factor is 2, the temporal sampling frequenc y is 40 MHz, and the spatial sampling interval is 2k with 768 time-poi nt for each pulse. The RMS error with optimal paramete rs (zero-padding factor = 2; temporal sampling frequenc y = 80 MHz; time-point = 512; spatial sampling interval = k/2) is reduced to 2.4%.
ASA compared to measurem ents
The measured and ASA simulated pulses at the focal point are shown in Fig. 9 . The optimal paramete rs (zero-padding factor, temporal sampling frequency, time-poi nt and spatial sampling inter- val) presente d in the simulation are selected for the ASA with measured source. When the ASA calculates the pulse at the simulated plane, the accuracy of the sound speed becomes an issue, since the time line for the ASA calculated pulse is very dependent of the true sound speed in water for the measure ment accordin g to (7) as k = 2pf/c. Assume that the sound speed in water approximately equals 1480 m/s accordin g to the temperature during the measureme nts. However, it will be very difficult to know an exact value of the real sound speed in water during each measurement. Even a sound speed error of 0.5 m/s can cause an obvious shift for the pulse calculated by the ASA compare d to the measured pulse. To find the correct sound speed, the time lag Dt between the pulse calculated by the ASA using the assumed sound speed 1480 m/s and the measured pulse, can be expressed as
where z 1 À z 0 = 30 mm is the distance betwee n two measured planes. c a is the assumed sound speed 1480 m/s used in the ASA simulati on, and c r is the real sound speed during measureme nts and is the unknow n variable in the equation. The time lag Dt can be found by applying the cross-correlat ion function to these calculated and measured pulses. By solving (13), c r is obtained and reused in the ASA simulation. Thus, pulses between the ASA simulati on and measureme nts are attained in phase as shown in Fig. 9 . The RMS error between the ASA simulated and hydrop hone measured pulses is 25.4% calculate d by (12) . The average sound speed is determine d to be 1487.6 m/s using (13) . This can be applied to approximat e the value of ambient sound speed under the linear acoustic propagation. To investi gate the accuracy of this approach, differen t initial sound speeds are used in the ASA simulation. The corresp onding estima ted sound speeds are calculate d using (13) . The results are shown in Fig. 10 , where the initially assumed sound speed varies from 1445 m/s to 1540 m/s in the ASA simulati on. The calculate d ambient sound speed in the measurement is in the range between 1487.45 m/s and 1487.75 m/s as shown in Fig. 10 and is only minimally influenced by the initially assumed sound speed.
Conclusion
An angular spectrum approach for simulatin g pulsed ultrasoun d fields is formulat ed and implemented in this paper. Investigati ons of different time-point, zero-paddin g factors, spatial sampling interval and temporal sampling frequency are made to find the optimal parameters for the ASA. The RMS error for the results obtained by the optimized ASA using a simulated source relative to Field II is 2.4%. The ASA with a measured source has been implemented and simulations have been verified by measured results. The correct sound speed in the measure ment is approximat ed using the formula presente d in the study. This also proposes a potential approach for measuring the speed of the ambient acoustic wave propagat ion in water. 
